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(54) Titic: 


METHOD FOR APPLICATION OF AN OPTICAL FIBRE AS A HYDROSTATIC PRESSURE SENSOR 


(57) Abstract 

A method is disclosed, for application of an 
optica! fibre with a core (1) and a cladding (2) 
as a hydrostatic pressure sensor. A fibre-optic 
Bragg grating (5) is written into the core (1) of 
the optical fibre and two side-holes (3) are included 
in the cladding (2). Said side-hole optical fibre is 
spliced in-between standard single mode fibres (6), 
so that a change in differential pressure between the 
surroundings and the side-holes will cause a change 
in the fibre birefringence. This gives a change in 
wavelength separation between the two reflection 
peaks of the grating corresponding to each of the 
two orthogonal polarisation eigenmodes of the fibre, 
with an enhanced pressure sensitivity compared to the 
pressure included wavelength shift of a standard fibre 
grating. The side-hole fibre has a total birefrigcnce 
in the operating pressure range sufficient to split the 
two grating reflection, and such that the two peaks 
do not cross each other under operation. 
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Method for application of an optical fibre as a hydrostatic pressure sensor. 

The present invention concerns a method for appUcation of a fibre-optic Bragg grating 
as an hydrostatic pressure sensor. 

5 

Background 

A fibre Bragg grating (FBG) is a permanent, periodic refractive index modulation in the 
coK of a single-mode optical silica ghiss fibre over a length of typically 1-lOOmm, formed 
by transversely illuminating the fibre with aperiodic interference pattern generated by ultra- 
10 violet laser light, e.g. fiom a so called Eximer laser, either by using a two-beam 
interferometer, as disclosed by G. Meltz et.al. in "Formation of Bragg gratings in optical 
fiber by a transverse holographic method," Opt Lett.. Vol. 14, pp. 823-825, 1989, or by 
illuminating the fibre through a periodic silica phase mask, as disclosed by K.O. Hill et.al. 
in "Bragg gratings fabricated in monomode photosensitive optical fiber by UV exposure 
15 through aphase-mask," Appl. Phys. Utt., Vol. 62, pp. 1035-1037, 1993. An FBG reflects 
Ught within a nanow bandwidth, centred at the Bragg wavelength, = 2nji, where n.^ 
is the effective refractive index seen by the light propagating in the fibre, and A is the 
physical period of the refractive index modulation. Outside the FBG bandwidth light will 
pass with negUgible loss. It is known that the reflected Bragg wavelength from an FBG will 
20 change with any external perturbation which changes the effective refractive index seen by 
the propagating Ught and/or the physical grating period (fibre length), such as temperature 
and strain. By measuring the reflected Bragg wavelengdi, using for example a broadband 
Ught source and a spectrometer, an FBG can be used as a sensor for measuring such external 
perturbations. The bandwidth of the reflection spectrum fiom an FBG sensor is typically 
25 0.1-0.3nm(~10-30GHz). 

An FBG can also be used as a pressure sensor by measuring the shift in Bragg wavelength 
caused by hydrostatic pressure induced compression of the silica glass fibre. This provides 
a very simple sensor design with smaU dimensions and good reproducibiUty and long-term 
stability provided by the all-silica construction of the sensor. However, owing to the low 
30 compressibility of a siUca glass sylinder the sensitivity is low, at 1550nm the Bragg 
wavelength changes by only .0.4pm^a^. With a high-resolution spectrometer the 
wavelength resolution can be s 1pm, in which case the pressure resolution will be s2.5bar. 
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too low for many applications, and a higher sensitivity sensor is desirable. Important in 
making a practical FBG pressure sensor is to compensate for temperature Huctuations. The 
temperature sensitivity at 1 550ran is typically ~10pm/°C, implying that a change in pressure 
of 2.5bar, yielding a shift in Bragg wavelength of 1pm, corresponds to a change in 
5 temperatuiB of only 0.1 °C. One way to temperature compensate the FBG pressure sensor is 
to use a second FBG, which is isolated from the pressure, to measure the temperature. 
Because of the low pressure- relative to the temperature-sensitivity, an all-fibre pressure 
sensor will put strong requirements on the accuracy of the temperature and pressure 
measurements and on the temperature difference between the two FBGs. Hence, a reduction 
10 in temperature sensitivity and a minimisation of the temperature difference between the 
pressure and the temperature sensor is desirable. 

One known technique to enhance the pressure sensitivity and reduce the temperature 
sensitivity of fibre-optic pressure sensors, and maintain the all-silica construction, is to use 
a side-hole fibre, which has two open channels symmetrically posititions at each side of the 
15 fibre core, as disclosed by Xie etal., in "Side-hole fiber for fiber-optic pressure sensing," 
Optics Letters. Vol. 11, pp. 333-335, 1986, where an external hydrostatic pressure is 
converted into an anisottopic stress in the core region of the fibre, which though the elasto- 
optical effect induces a birefiingence B = n, - n,. where n, and n^ are the refractive indices 
seen by thejtwo orthogonally polarised fibre eigenmodes in the fibre. TheiQtolbirefim 
20 is given by the sum of the inherent fibre birefringence and the birefiingence B induced by 
the differential pressure between the surroundings and the side-holes. Astress con^^tration, 
and hence changes in refractive indices,, by a factor of typically 3-5 can be achieved by. 
suitable choice of the geometry of the side-holes, compared to a standard fibre. Side-hole 
fibres have been used to make dual-path polarimetric interferometers for high pressure 
25 sensing, as described by K. Jansen stod Ph. Dabkiewicz in "High pressure fiber-optic sensor 
with side-hole fiber," SPIE Proceedings, Fiber Optic Sensors II, Vol. 798, pp. 56-60, 1987. 

The use of an FBG written in a birefiingent side-hole fibre for pressure sensing has been 
suggested in Norwegian Patent Application No 951052, March 20, 1995 and US Patent 
30 Application No. 08/618,789, March 20, 1996, but here only in a distributed feedback fibre 
laser construction, where the fibre core is doped with one or more of the rare-eaiths to 
provide gain when pumped with an external pump source, and the FBG provides feedback 
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and laser operation at the two orthogonally polarised Bragg wavelengths of the FBG with 
very nanow optical bandwidths(~10-l()0kHz). The patentalso suggests usingmeasurements 

of both wavelengths to provide simultaneous measurements of two measurands, such as 
pressure and temperature. The basic principle of such a two-parameter measurement in a 
5 birefnngent FBG was first presented in US Patent No. 5,399.854, March 21, 1995, where 
it was shown that birefiingence in an FBG causes a splitting in the reflection spectnmi, with 
one reflection peak conesponding to each of the two polarisation eigemnodes of the fibre. 

When fibiB^ptic pressure sensors are operated under conditions of high temperature and 
pressure, such as in oil wells, there might be considerable drift effects, as taught us by J.R. 
10 Clowes et.al.in "Effects of high temperature and pressure on silica optical fibre sensors," 
Proceedings of 12* Conference on Optical Fiber Sensors. WilUamsburg, VA, pp. 626-629, 
1997. The drift effect occurs when the fibre is surrounded by a liquid, such as water, and 
increases with increasing temperature. The effect is belived to be due to ingress of liquid 
molecules into the outer layers of the fibre cladding resulting in the development of a highly 
15 stressed layer and consequently a tensile stress on the fibre core. It was shown that the use 
of a hermetic, carbon coating, reduced the effect significantly. In addition, diffusion of gases, 
such as hydrogen, into the fibre, will cause changes in effective refi^tive index associated 
with changes in the light absorption spectrum of the fibre, as disclosed by Malo et al. in 
"Effective index drift fiom molecular hydrogen diffiision in hydrogen-loaded optical fibres 
20 and its effect on Bragg grating fabrication", Electomics Utters. Vol. 30, pp. 442-444, 1994. 
Finally, diffusion of gases into side-holes will change the pressure inside the holes, and 
cause drift in measurements of the external hydrostatic pressure. 


wo 99/32863 


PCT/NO98/00367 


Objects 

The main object of the invention is to provide a method for appHcation of a practical all- 
fibre/all-silica FBG pressure sensor with enhanced pressure sensitivity and reduced 
temperature sensitivity compared to a standard FBG. i.e. an FBG written into a standard, 
5 single-mode silica fibre. A second object is to provide temperature compensated pressure 
measurements using one FBG only. A third object is to ensure that the sensor is not subject 
to drift at high temperatures and pressures. 


The Invention 

10 The object of the invention is achieved with a method having features as stated in the 
characterising part of Claim 1. Further features are stated in the dependent claims. 

The main part of the invention comprises an raGwritt«uHi?ihe^°^ of a birefringent 
side^iple ajK^^tb-a Jjireftingence in the operating pressure range i) sufficient to split the 
two reflection peaks (or transmission dips), with bandwidths of typically 0.1-0.3mn, 
15 corresponding to each of the two orthogonal polarisation eigeranodes of the fibre, and ii) 
with the same sign such that the two peaks do not cross each other under operation. The 
reflection speclnim of the FBG sensor is measured with a device for measurement of optical 
wavelengths enable to resolve the peak wavelengths of the two reflection peaks such that by 
measuring one of the wavelengths and the wavelength separation simultaneous pressure and 
20 temperature measurements are achieved owing to the different pressure sensitivity and 
similar temperature sensitivity of the two peaks. The invention also includes an FBG as 
described above coated with an hermetic coating, such as a carbon, a ceramic, or a metal 
coating, to prevent penetration of gases, vapours and liquids in the surrounding environment 
to ingress/diffuse into the fibre and cause drift in the measured Bragg wavelengths. 

25 

Examples 

In the following, the invention will be described with reference to illustrations, where 
Fig. 1 shows the cross-section of a side-hole fibre with hermetic coating. 
Fig. 2 shows an FBG pressure sensor in a birefringent side-hole fibre, with input, output 
30 and reflected optical spectra, 
and 
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Fig. 3 shows the principle operation of an FBG side-hole fibre pressure sensor, showing 
the changes in reflected spectrum with an increase in pressure and temperature. 

Fig. 1 shows the cross-section of a side-hole fibre with a core 1, which contains a fibre 
5 Bragg grating (FBG), a cladding 2, and two side-holes 3 with diameter 2ro, and a coating 4, 
which can be hermetic. The coating 4 can be a carbon or a metal coating, such as a gold 
coating, to prevent penetration of molecules in the surrounding environment, which could 
be water or hydrogen to ingtess/diffuse into the fibre glass and cause changes in the internal 
stresses and drift in the measured Bragg waveloigths. 
10 The fibre diameter is 2r. The side-holes arc oriented along the x-axis. The pressure 
outside the fibre is Pq, while the internal pressure inside the side-holes is Pj. 

Fig. 2 shows the opwation of the side-hole FBG sensor in principle. The FBG 5 is written 
into the core of the side-hole fibre with side-holes 3, which is spliced between two standard 
single-mode fibres 6 with splices 7. One way to interrogate the sensor is, as illustrated, to 
15 launch into the standard fibre 6 unpolarised, broadband light 8 covering at least the 
wavelength range of the Bragg reflection fmm the FBG which is reflected at two 
orthogonally polarised wavelengths 9 and 10 with a separation LX = 2BA, with individual 
bandwidths A^b of typically 0.1-0.3nm. The input light which is not reflected is transmitted 
with a spectrum 1 1, with dips at the Bragg wavelengths. 
20 The birefringence in the fibre can be expressed as: B = B^ + (A/27t)(S - SjPj), where 
BjjLihSJMlQ^Jiiretoigimce of the fibre, which is a combination of stress induced and 
geometrically induced birefringence, X is the wavelength, and S„ and is the phase 
s^itivity of the birefringence to inner and outer pressure pressures P„ and Pj, respectively. 
ICJansen and Ph. Dabkiewicz in "ffigh pressure fiber-optic sensor with side-hole fiber," 
25 SPIE Proceedings, Fiber Optic Sensors H, Vol. 798, pp. 56-60, 1987 measured an S„ = 16.8 
rad/barm at A. = 633nm. This corresponds to an expected wavelength spUtting sensitivity 
6AA76P, = 1.8pm/bar, which is a factor of -4.5 times the sensitivity of a standard FBG. The 
measured phase sensitivity of the birefringence to temperature at 633nm was measured to 
be 0.18rad/°Cm, which correspond to an expected wavelength splitting sensitivity 6AAy6T 
30 = 0.020pm/''C, which is a factor of ~0.602 smaller than the temperature sensitivity of a 
standard FBG. 
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From Y.Namihira, J. Lightwave Technol., Vol. LT-3, pp. 1078-1083, 1985 is known that 
the change in refractive index due to stresses o„ o, and in the fibre core can be expressed 
as: 6n, = C,o. + Q (o +o J. and 6n, = C,o, + C, (o +o,), where C, and C, denote the direct 
and tranverscopto-elastic constant, respectively, where C, - -0.741ff"Pa' andQ = -4.1 10 
5 '^Pa' , c.f. K. Hayataef. d., J. Ughtwave Technol., Vol. LT-4, pp. 601-607, 1986. Xie et.al 
presented in "Side-hole fiber for fiber-optic pressure sensing," Optics Letters. Vol. 1 1 , pp. 
333-335, 1986 approximate estimates of = 0 and = 

-P//&) (and o, = 0), where « = r-2ro is the centre wall thickness along the x-axis, with and 
external pressure P.. This leads to the following estimates for the shifts in the individual 
10 wavelengths and X^y with a change in external pressure P,: 6 V^P. = 1 2 6AAy6P„ and 

SV^Po = 0.26AX/5P„. 

Fig. 3 shows the change in reflected Bragg wavelengths 9 and 10 by increasing the 
difierential pressure AP = P.-P; from APo to AP, keeping a constant temperature. Also shown 
is the effect of increasiii^Jhe temperature fi^ shifting both peaks by almost 

15 equally.withatypicalscnsitivityof6V6T = 6V6T= 10ptny°C.Bymeasuringi) the first 

wavelength, which as a relatively small pressure sensitivity, and ii) the wavelength 
splitting Aa, - V both differential pressure AP and the temperature can be measured with 
high accuracy, owing to the low cross-sensitivity. 
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Claims: 


1. Method for application of an optical fibre as an hydrostatic pressure sensor, which 
optical fibre has a core (1) and a cladding (2), characterised in a combination of a fibre- 
optic Bragg grating (5) is written into the core (1) of the optical fibre, and two side-holes (3) 

5 included in the cladding (2) of the optical fibre, where said side-hole optical fibre is spliced 
in-between standard single mode fibres (6), so that a change in differential pressure between 
the surroundings and the side-holes will cause a change in the fibre birefiringence and 
consequently a change in wavelength separation between the two refiection peaks of the 
grating corresponding to each of the two orthogonal polarisation eigenmodes of the fibre, 

10 with an enhanched pressure sensitivity compared to the pressure included wavelength shift 
of a standard fibre grating, and the side-hole fibre has a total birefiingence in the operating 
pressure range sufficient to split the two grating reflection, and such that the two peaks do 
not cross each other under operation. 

15 2. Method according to Claim 1 , 

characterised in that by measuring the wavelength separation between the two reflection 
peaks, which is proporational to the total fibre birefiingence, and measuring the wavelength 
of at least one of the individual reflection peaks, which shift nearly equally with shifts in 
temperature, with a device for measurement of optical wavelengths, the differential pressure 

20 between the surroundings and the side-holes and the temperature can be determined 
accurately using only one grating, owing to the low cross-sensitivity with such measure- 
ments. 

3. Method according to Claim 
25 characterised in that the fibre-optic Bragg grating in the side-hole fibre is coated with an 
hermetic coating (4), which can be a carbon, a ceramic, or a metal coating, such as a gold 
coating, to prevent penetration of gases, vapours or Uquids ui the surrounding enviromnent, 
which could be water or hydrogen to ingress/diffiase into the fibre glass and cause driftinthe 

measured Bragg wavelengths. 
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4. Method according to Claim 2, 
charactrised in that the device is based on a broadband source and a narrowband tuneable 

optical filter. 

5 5. Method according to Claim 2, 
charactrised in that the device is based on a narrowband tuneable laser source. 
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Fig. 3 


INTERNATIONAL SEARCH REPORT 


International application No. 

PCT/NO 98/00367 


A. f 1 ASSIt ICXnON or SUBJLCr MAPI 1:R 


aS^B P..,nt Cl«sir.ction (IPC) or to both nationrf cl». incUon .nd IPC 


B. MELU-SSFAKCHED 


Minimum documcnlalion smchcJ (d^sificalion .ystcm followed by cl«sincation symboU) 

IPC6: GOIL 


Documcnlalion searched other than minimum documcntauon 

SE.DK.FI.NO classes as above 


to the extent th»t such documenu ife included in the fields searched 


Elecuonic data base consulted during the im 


ternational search (name of data base and. where practicable, search terms used) 


WPI 

C. DOCUMENTS CONSIDERED TO BE RELEVANT 


Category* 


aiaUon of docuntcnt. with indication, where appropriate, of the relevant passages 


US 5515459 A (M. FARHADIROUSHAM) . 7 May 1996 
(07.05.96), abstract 


US 4882716 A (H. LEFEVRE ET AL.). 21 November 1989 
(21.11.89), figure 1, abstract 


US 5064270 A (M. TURPIN ET AL.), 12 November 1991 
(12.11.91), figure 1, abstract 


US 5828059 A (E. UOD). 27 October 1998 (27.10.98), 
see the whole document 


Relevant to claim No. 


1-5 


1-5 


1-5 


1-5 


iQj Furtlter documents arc listed i» tt.e continuaUon of Box C. Q See patent faaiily annex. 


♦ Special calegorie* of dtcd documenls: 

'A' document defimng Die general slate of the art whidi » nol con.tidered 

I to be of paiticuJ ar rd cvance 

I 'E- eriitr document but published on or after the interpaUonal filing date 

-1/ document which may throw doubts on pnonly ^l^i'^,^) 

alcd lo cstabh-sh the publication date of another atalion or othor 
special reason (as specified) 
I 'O- document refemng to an oral disclosure, use, exhibition or other 

-P- d^ent publi*cd prior to the intcmational filing date but later than 

the priority dale claimed ^ 


late document publi Aed after the international filing date or priority 
date and not in conflict wtth the applicahon but atcd to understand i 
the principle or theory underlying the invention 

' X' document of particular relevance: the claimed in vcnUon cannot be 
con-sidered novel or cannot be considered to mvolve an invenbve 
step when the document is taken alone 

- Y" document of particular relevance: the claimed invention cannot be 
considered to mvolve an mvcntive step when the document is 
combined with one or more olha such documents, such comhinatjon 
being obvious to a person skilled in the art 

"&,' document member of the same patent family 


Date of llic actual completion of the international search 


iq May 1999 


Name and mailing address of the ISA/ 
Swedish Patent Office 
Box 5055. S-102 42 STOCKHOLM 
Facsimile No. 46 8 666 02 86 
Form PCr/ISA/210 (second sheet) (July 1992) 


Date of mailing of tlie international search report 

2n-fiR- 1999 


Authorized ofTiccr 

Lars Jakobsson 

Telephone No. ^- 46 8 782 25 00 


INTERNATIONAL SEARCH REPORT 

International application No. 


PCT/NO 98/00367 


C (Continuation). DOCUMENTS CONSIDERED TO BF. RELEVANT 


Category* 


at;.Uon of document. wiU, indication, where appropriate, of U.e relevant passage. Relevant to claim No. 


US 5841131 A (R.J. SCHROEDER ET AL.), 

24 November 1998 (24.11.98), see the whole 
document 


US 5844927 A (J.T. KRINGLEBOTN) , 1 December 1998 
(01.12.98), abstract 


1-5 


1-5 


Form PCT/lSA/210 (continuation of second sheet) (July 1992) 


INTERNATIONAL SEARCH REPORT 

Infomiaaon on patent family members 03/05/99 


International application No. 

PCT/MO 98/00367 


Patent document 
1 cited in scMch report 

Publication 
date 

Patent family 
memb€r(s) 

Publication 
dale 

us 5515459 

A 

07/05/96 

AU 

bo 

GB 
WO 

3507593 A 

9416344 D 
9317314 A 

13/09/93 

1 A/lp/QA 
XH/ It./ 

00/00/00 
02/09/93 

US 4882716 

A 

21/11/89 

EP 
SE 
FR 
JP 

0326476 A,B 
0326476 T3 

1238297 A 

£,01 \Ji 1 ou 

22/09/89 

US 5064270 

A 

12/11/91 

EP 
FR 

0434504 A 
2656095 A,B 

21/06/91 

US 5828059 

A 

27/10/98 

AU 
WO 

4336197 A 
9810242 A 

12/03/98 

US 5841131 

A 

24/11/98 

AU 
WO 

8288398 A 
9902953 A 

21/01/99 

US 5844927 

A 

01/12/98 

GB 
GB 
NO 
NO 

2299203 A 
9605822 D 
302441 B 
951052 A 

00/00/00 
02/03/98 
23/09/96 


Form PCr/ISA/210 (patent family annex) (July 1992) 


